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Essential to estimating the potential exposure from dusts of toxic, hazardous or irritant powders is the evaluation
of the dustiness of the powders being handled. Dustiness is the tendency of a powder to aerosolize with a given
input of energy. Evaluating dustiness of a manufactured powder can alert to a potential exposure to workers. It
can also aid in the selection of manufacturing processes/operations which generate less dust for a particular sub-
stance and can provide vital information to guide selecting/creating powders which generate less dust. A widely
used (but marginally understood) instrument to evaluate powder dustiness is the Rotating Drum. Using compu-

tational fluid dynamics, we have numerically investigated the flow inside the Rotating Drum dustiness tester dur-
ing its operation. A complete description of the flow aerodynamics associated with operation of this instrument
will assist in the interpretation of dustiness measurements conducted with this instrument.

© 2021 Published by Elsevier B.V.

1. Introduction
1.1. Dustiness

A variety of processes may generate airborne dust in the workplace
[1]. These may include accidental spills [2], falling powders, via pouring
or transferring processes [3], and other agitation of the powder, as in
powder conveyance [4]. Grinding or milling of bulk materials also gen-
erates and suspends small particles as airborne dust [5]. Aerosolization
of previously spilled or deposited powder (perhaps through cleanup)
is also a potential dust source. The undesirable outcome is that a portion
of the bulk powder becomes airborne.

1.1.1. Dustiness testing

Dustiness is ‘the propensity of a material to generate airborne dust
during its handling’ [6,7]. While not a material property, powder dusti-
ness is still quantifiable under a controlled testing protocol: application
of a controlled mechanical or aerodynamic stimulus to disperse pre-
existing particles from the test powder into the air [6,7].

Powders typically consist of primary particles, which are aggregated
and then further agglomerated by adhesive binding forces. It is fairly
easy to break up the loose agglomerates, while breaking up the
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aggregates into the primary particles often requires considerable me-
chanical action (e.g., via operations like ball milling); the fracture or fur-
ther diminution of primary particle size can be achieved only with
extreme difficulty.

In dustiness testing, the energy supplied is insufficient to divide the
primary particles (which can only be achieved by grinding, cutting, or
crushing), or even to break up the strongly bound aggregates of primary
particles. However, the energy supplied is sufficient to separate agglom-
erates from the bulk powder.

Heitbrink et al. [8] correlated dustiness measurements and worker
exposure in bag packing operations; dustiness was useful in predicting
order of magnitude worker exposures. A simulated workplace study
[9] of scooping/weighing/adding and cleaning/sweeping of powders
found that dustiness was a major contributor to worker exposure. Dust-
iness testing has been used in the selection of appropriate dust controls
[10]. Dustiness may also be relevant for assessing the potential risk of
dust explosions [11-13a]. However, no clear relationship has yet been
established linking inhalation exposure to dustiness [8,9,14-20].

1.1.2. Testing methods: falling powder, rotating drum, Venturi method
Various methods have been utilized to measure dustiness; for re-
views, see [21-24]. Different organizations have adopted different stan-
dards [25-31].
In order to simulate various industrial procedures, dustiness testing
has historically utilized configurations that have imparted fairly gentle
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mechanical agitation to the powder. The aerodynamics of these config-
urations tend to involve large scale eddies.

In the continuous drop test [26,30], a bolus of particles is released
from a height. The particles are aerosolized either by the countercur-
rents generated during the fall, or by the countercurrents generated
by the impact of the bolus at the bottom of the fall [3,14,32-37]; the de-
sign utilized in EN 15051-3 [30] explicitly shields against this ‘splash’
contributing to the measured dustiness. This method has been used ex-
tensively by the Barcelona group [38-40].

In the rotating drum test [22,29], a powder is rotated within a drum
with internal baffles, so that the substrate angle periodically increases;
when the powder exceeds its angle of repose, a local avalanche ensues,
which aerosolizes the particles [41-45]. A variant is the widely used
Heubach method [27]. Historically, the Rotating Drum apparatus [29]
has been used [45] for lower Re workplace (and mining) dustiness eval-
uation. Tsai et al. [46] have used the Rotating Drum to investigate the
dustiness of nano-TiO, and fine ZnO, and, with extended sampling
and increased rotation rates, they studied the particle size distributions
of the aerosolized powders.

In both methods, aerosolization is gravity driven, possibly enhanced
by agglomerate impact. The maximum particle velocities achievable by
gravity are v ~ (2gh)'/?-3 m/s, where h is the diameter of the drum.

These methods have been compared by various groups [6,47-51].
Aerosolization and dust generation under these conditions has also
been modeled [52-54].

A qualitatively different method (Venturi Dustiness Test) was intro-
duced [55] in order to test small quantities of pharmaceutical powders.
Aerosolization of the powder occurs at high Reynolds number (Re ~ 10%)
within a tube, and the resulting aerosol is injected into, and then sam-
pled from, an isolated chamber; particle velocities are v ~ 70 m/s. Ven-
turi aerosolization proceeds under turbulent conditions, whereas in
the gentle tests, the airflows are larger scale and are in the laminar re-
gime [56].

NIOSH has used the Venturi instrument to measure the dustiness of
40 different powders [56], and also of pollens and molds [57]. Using
computational fluid dynamics (CFD), Dubey et al. [58] describe the
flow during injection and sampling phases of this instrument. Other
CFD studies [59-61] have examined the aerosolization process within
the tube. NIOSH is currently comparing [62] low Re (Rotating Drum)
with high Re (Venturi) dustiness measurements.

1.2. Description of the rotating drum test apparatus

The rotating drum dustiness apparatus [29] consists of a cylindrical
rotating drum (Fig. 1). During normal operation, the 300-mm diameter
(electrically grounded) stainless steel drum rotates at @ = 4 rpm. The
drum has eight longitudinal vanes (length = 230 mm, height = 25
mm) to lift and let fall the powder under test. The drum is attached to
a vacuum pump which induces an air flow rate of Q = 38 L/min (flow
is left to right in the figure). The inlet air passes through a glass fiber fil-
ter to prevent dust contamination and to spread the incoming air flow
across the diameter of the drum. The air exiting the apparatus passes
through two size-selective foams and a filter to capture the powder par-
ticles that have been aerosolized. The inhalable, thoracic and respirable
particle size fractions can thus be determined.

Test samples (nominal volume = 35 cm?) are weighed and spread
evenly along the bottom portion of the drum. At the end of the test,
the outlet foams and filter are removed and weighed. The powder dust-
iness (for each size fraction) is the ratio of mass collected to the initial
powder loading mass.

1.3. Other uses of the rotating drum configuration
The rotating drum configuration is widely used in industrial blend-

ing and mixing operations. As a result, there have been numerous stud-
ies to test the effectiveness of particle mixing in this geometry [63-68].
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Fig. 1. a) Schematic, and b) model of the dustiness tester drum (European Standard
EN15051-2).

Much work is devoted to particle segregation that occurs in this geom-
etry [69-76].

Modeling of these processes has tended to emphasize the powder
flow dynamics and hence simulates larger particles, primarily via DEM
[77-83]. Modeling has been used to study segregation [84-90].

As an example, the Wollongong (Australia) group have conducted
[91-93,95,99] Discrete Element Method (DEM) simulations of the Ro-
tating Drum. These simulations model the behavior of large (d ~ mm)
granules tumbling in the drum, in the absence of any air flow. The
DEM simulations yield information on size and spatial segregation of
particles within the rotating drum but are not appropriate for dust gen-
eration and transport (10 nm < d < 100 um) in the presence of the test
air flow.

By contrast, our work focuses on the aerosolization of small particles
in the rotating drum geometry. As a result, we study smaller particles.
We consider the dilute regime, so particle-particle interactions are
neglected, in favor of the dominant air-particle interaction.

1.4. Summary of this work

The goal of this study was to conduct a numerical investigation of
powder aerosolization and dust transport within the Rotating Drum
Dustiness Apparatus. Computational fluid dynamics (CFD) simulation
of air flow in the drum under normal operating conditions was carried
out. Alarge number (N ~ 10%) of particles were introduced at the bottom
of the drum, and their motion was followed using a Lagrangian tracking
technique. Based on the predicted particle paths, the number of parti-
cles leaving the drum (i.e. the particle capture efficiency) was deter-
mined. This particle capture efficiency was quantified in a second set
of simulations (N ~ 10%), where the particle trajectories are not retained,
but where the final location of each particle (at the end of the simulated
experiment) was monitored. Different particle sizes, from 1 nm to 30
um diameters, were considered in the simulations in order to under-
stand the effect of particle size on capture efficiency. Also, the
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differences in particle motion based on their initial positions were stud-
ied. These computational results of flow aerodynamics and powder par-
ticle transport provide a better understanding of the operation of the
drum dustiness tester and will help in interpreting measurements con-
ducted using this apparatus.

Simulations have also been performed on a smaller, ‘Danish’ version
of the European Standard, that is utilized in the experiments of Jensen
et al. [51]. The results of these Danish drum simulations parallel those
reported here (for the larger EN 15051-2 Standard) and are reported
in the Supplemental Material. Simulations have also been carried out
on the Heubach variant [27] of the Rotating Drum. In this protocol, a
smaller drum is rotated at a faster rate and the volumetric air flows
are larger, resulting in turbulent flow conditions within the drum. The
axial jet wanders and is unstable, resulting in efficient turbulent mixing
within the drum. While the instrument function still exhibits a cut-off
for large particles (d > 50 um), the Heubach version of the rotating
drum is more efficient at measuring dust due to the smaller particles
(d < 8 um). The results of these simulations are sufficiently different
from those of this study and therefore will be reported separately [96].

2. Numerical methods
2.1. Numerical simulation method (CFD)

We have used Star-CCM+ as the CFD simulation software in this
study. Star-CCM+ can easily track massive particle trajectories. An im-
plicit method was used to solve the unsteady governing equations.

2.1.1. Air flow only—No particles

At Q = 38 L/min, the nominal airflow Reynolds numbers are Re ~
1140 at the inlet, 570 in the working section, 2140 at the exit of the
drum. The rotation of the drum (with its internal fins) generates a
slow swirl of this flow. Based on these Reynolds numbers (v/Csoung <
1073, where Csoung is the velocity of sound in air), the flow is described
using incompressible continuity and laminar Navier-Stokes equations:

o(w)

™ 0 (1)
dpw) O(pwy)  dp 0 du; Oy 2 Oy
3t x 37)(,+67)(J I 67)(J+67X1 §8”3T(1 2)

where u;, denote averaged velocities.

The finite volume method (FVM) is used to discretize the governing
equations. The discretization of equations and domain as well as the it-
erations of discretized equations are all conducted using commercial
FVM solver STAR-CCM+-. The convection terms are discretized using
second-order Upwind Scheme. The transient terms are discretized by
second-order Temporal Scheme. The time step is set at At = 0.01 s,
and the simulation is run for AT = 60 s (the total time of the dustiness
experiment). The discretized governing equations are solved using the
SIMPLE algorithm (Semi-Implicit Method for Pressure Linked Equa-
tions). Velocity and pressure under-relaxation factors are 0.8 and 0.2,
respectively. Drum rotation is incorporated using rigid body motion of
both the boundary and the grid. The solution of the equations was con-
sidered to be converged when the scaled residuals for the continuity
and momentum equations decreased to 10> for each time step.

2.1.2. Addition of particles—Particle Tracking

Particles are injected at t = 0 (using the Star CCM+ Parcel Injector)
with an initial velocity of v = 1 x 10~ m/s. The parcel injectors are uni-
formly distributed at the bottom of the drum. Tracking of massive par-
ticles is incorporated via the Lagrangian-Euler Method with two-way
coupling between air continuum and dispersed particulate phase; the
two-way coupling eliminates the assumption that the particles follow
the aerodynamic streamlines. Particle - particle interactions are
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neglected (volume fraction of the drum occupied by the powder is ¢ ~
2 x 1073, so a fully dispersed aerosol would be dilute). Particle agglom-
eration and breakup are also neglected (aerodynamic shear forces are
insufficient to drive agglomerate breakup; however, particle impact
on the drum walls may induce breakup, and this has been neglected).
Particle - drum wall interaction is modeled as pure elastic collision
(i.e. unit coefficient of restitution), so no particles stick to the drum
wall. This latter is definitely an approximation, as we have observed cer-
tain “less dusty” powders to adhere to the drum walls, whereas the
“more dusty” powders exhibit less of an adherent dust layer on the
drum surface at the end of the experiment.

In the Lagrangian-Euler Method, the motion of each dust particle in
the Lagrangian frame is given by:
mp%:Fd-s-Fp—i-mpg (3)
where m,, and v}, are the mass and velocity of the particle and g is the
gravitational acceleration. The drag force, F4, and pressure force, Fp,
are given below. The drag force (in a direction opposite to the motion
of the particle) is given by

1 2
Fd = i CdpAer (4)
where A, = (11/2) DlzJ is the particle cross-sectional area, D;, is the parti-
cle diameter, p is the density of air, and the relative particle-air velocity
v, =v - v where v is the local air velocity. The particle drag coefficient,
Cq, is given by (Schiller-Naumann correlation [97]).

24 0.687
cd,m<1+o.15ReP ) for Re,<1000
Cq=0.44 for Re,>1000 (5)

The particle Reynolds Number is defined by

Re, = pIvr[Dy
u

(6)

where pis the viscosity of air. The pressure gradient force is given by

Fp = =VpVDstatic (7)
where V, = (11/6) Dg is the particle volume, and Vpsy. is the gradient of
the static air pressure.

In two-way coupling, the rate of momentum transfer from the parti-
cles back to the continuum air phase is achieved by augmenting
(2) with a sink term.

Sy = —3, Fq" oty /At (8)
where the sum is over all particles n in the given cell during the com-
puted time step, F} is the drag force (4) exerted by the fluid on the n™
particle, and 5t/At is the fraction of time (typically~1) that the n" parti-
cle spends in the given cell during this time step.

In order to simulate the experiments, the particles are initially dis-
tributed uniformly in a band at the bottom along the entire length of
the drum, or confined to a shorter band within a specified zone; the az-
imuthal width of the band did not affect the results of the simulations.

2.2. Grid generation

Structured grids (surface lengths of 4, 3 and 2.2 mm) were generated
within Star CCM+ for the cylindrical geometry; cells are cubes
(‘trimmed cells’) in the bulk of the domain and flattened rectangular
prisms at the boundary surface; half of the grid cells are situated in
the five layers adjacent to the drum wall. The flows are not aggressive,
so no refinement is necessary near the entrance and exit filters into/
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Table 1

Computational grid details.
Cell base [mm)] Total boundary thickness [mm] No. of boundary cells Boundary growth factor Cells Faces Vertices
4 0.73 5 1.1 482,696 1,418,207 485,414
3 1.0 5 1.0 1,104,824 3,257,696 1,104,993
2.2 1.33 4 1.1 2,631,612 7,789,350 2,629,990

out of the Rotating Drum volume. The grid rigidly rotates, anchored to
the rotating drum wall. The basic grid parameters are listed in Table 1.

Shown in Fig. 2 is the finest (2.2 mm) grid: a) mid-section slice per-
pendicular to the axial direction, b) detail of this slice to elucidate the
behavior of the grid near the outer radial boundary and the vanes
(bulk grid at 45° angle with respect to the vane—the other trivial case
is where the grid is aligned with the vane).

Grid independence [98] of the solutions is discussed in the Supple-
mental Material.

3. Experimental method
3.1. Equipment

The experiment was conducted in a standard dustiness rotating
drum (European Standard EN15051-2, manufactured by JS Holdings,
Stevenage, UK). Additional information on the dimensions and opera-
tion of the drum are contained in [29].

Air flows into the drum through a fiberglass filter, which, in addi-
tion to excluding background dust air contaminants, tends to spread
out the entrance flow. The exit flow passes through two foams and
a filter to size select the aerosolized dust: first a 20 ppi metalized
foam (which excludes d > 10 pm), then an 80 ppi metalized foam
(which excludes d > 4 um), and finally a back filter.

The EN15051 standard specifies [29] that the powder is to be spread
evenly along the length of the drum. For our experiments to determine
the particle retention as a function of initial position of the powder par-
ticle, the base of the drum was divided into 5 zones, each of length
4.5 cm. Initial trial experiments determined that 35 mL of powder was
excessive for coverage of a single zone; therefore, for these zonal exper-
iments, 20 mL of powder were used. Fig. 3shows photographs of the
powder in the interior of the drum, at the beginning and at the end of
these zone loading experiments.

We also found a large humidity effect on the measured dustiness;
thus multiple replicates had to be scheduled so as to sample all zones
under the same humidity conditions. Additional trials (for better sta-
tistics) were conducted under different humidity conditions. In order
to pool the data, we have looked at local efficiencies, compared to

(a)

the average over all zones, measured on that day. This permits com-
parison between trials measured under different humidity conditions
(41% < RH < 67%).

3.2. Materials

The standard EN 15051-3 requires 35 mL of powder for each run;
our zonal experiments use 20 mL of powder for each zone (i.e. 100 mL
of powder to sample the entire drum). The requirement of large quan-
tities of material at uniform particle size is rather stringent. An addi-
tional requirement is that the dustiness of the material be reasonably
large in order to be able to detect small changes in particle retention
as a function of initial powder placement. For these experiments, we
have used hollow fused borosilicate glass microspheres (ASTM C169)
Sphericel® 110P8 (manufactured by Potters Industries LLC, Valley
Forge, PA). Preliminary screening of materials indicated that this mate-
rial has a (relatively large) dustiness of 8017 4+ 1048 mg/kg. The nomi-
nal average size distribution is 9-13 pm (the manufacturer specifies 10%
finer than 4-5 pm, 50% finer than 9-11 pm, 90% finer than 19-21 pum).
The measured untapped powder density is Ppowder = 366 + 21 kg/m?.
We also measured the moisture uptake AM/M = 0.16 + 0.04% (as re-
ceived vs. oven dried overnight at T = 120 °C) and AM/M = 0.16 +
0.04% (conditioned at RH = 50% vs. oven dried overnightat T = 120 °C).

Fig. 4 is an SEM micrograph (ThermoFisher Scientific Phenom XL
Desktop SEM with EDS attachment) of the Sphericel® powder. The
powder is heterogeneous and consists primarily of two populations;
the (number) majority at d ~ 3-5 um, with a secondary population at
d ~ 10-20 pm; there is also a tertiary population of irregular shards
(Ishort ~ 3 pm, liong ~ 15 pm). Chemically, the small particles are consis-
tent with a silicate, with elemental composition (given in atomic %) of
Si(20+ 1at%),0 (71 £ 1at.%),Na (8 + 1 at.%), Ca (2 at.%); chemically,
the large particles are augmented with significant carbon, with elemen-
tal composition of Si (11 £+ 4 at.%), 0 (55 £ 4 at.%),C (30 £ 9at.%),Na (4
+ 1at%), Ca (1 + 1at%).

Based on the results of our simulations (Fig. 6 of Section 4.2.1), par-
ticles larger than 24 um will not become aerosolized in the drum; hence,
the experiments were compared with simulations of d ~ 5 um micro-
spheres (density p = 1000 kg/m? to reflect the hollow morphology).

(b)

g

Fig. 2. Grid used: a) mid-section slice; b) detail near drum wall and vanes of mid-section slice.
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Zone S - Initial Loading

Fig. 3. Photographs of powder in the drum: top panel-at the start of the experiment t = 0 (left: zone 1; center: zone 3; right: zone 5); bottom panel—at the end of the experiment t = 60 s
(left: powder having been loaded in zone 1; center: powder having been loaded in zone 3; right: powder having been loaded in zone 5).

4. Numerical results & discussion
4.1. Air flow without powder particles

Air flows into the Rotating Drum from the inlet in the direction of the
rotational (horizontal) axis. The air flow expands in the inlet conical sec-
tion, flows through the body of the drum, converges in the outlet conical
section; the air exits the drum via outlet opening. The tangential air flow
velocity vectors midway down the drum (at x = 0.222 m) are plotted in
Fig. 5. The drum rotation is clockwise.

The flow exhibits an expected eight-fold symmetry. A helical flow
pattern is generated in the central region while flow recirculates behind
the vanes.

In the axial direction, the flow is characterized by a strong forward-
directed axial flow along the center of the drum, with a weaker axial
back-flow near the drum wall.

66

4.2. Simulations with air flows and particles

4.2.1. Particle capture efficiency

Simulations with monodisperse particles in the diameter range
100 nm < d < 30 um were conducted (for each particle size, the simu-
lation consisted of 10,000 particles). The overall capture efficiency
(the fraction of particles that exits the drum during the 60 s test) at
each diameter is plotted in Fig. 6 (results from the 4 mm grid):

For particle diameter d < 2 um, ~ 30% of the particles escape the
drum through the outlet surface, i.e. these particles are captured on
the outlet filter and contribute to the measured dustiness. For particle
diameter 2 um < d < 10 um, the capture efficiency slightly decreases
and then drastically increases with the increase of particle diameter.
The highest capture efficiency (> 90%) occurs when particle diameter
d ~ 12.5 pm. For particle diameter d > 15 um, the capture efficiency de-
creases quickly, and no particles escape for d > 24 pm. Thus, the
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Fig. 6. Particle capture efficiency as a function of particle diameter, d.

Fig. 4. SEM micrograph of Sphericel® powder.

are not aerosolized as dust. The drum is thus measuring only the small
particle ‘tail’ of the powder particle-size distribution.

| 4.2.2. Particle track analysis
s (77 To investigate the particle track characteristic inside the Dustiness
2 Drum, additional simulations were conducted with 100 particles. Parti-
) ¥ cle track images were extracted and compared.

In the following three panels (Fig. 7), particle tracks are shown (a:
axial view, b: side view, c: isometric view) for successive particle sizes
(spherical silica particles, density p = 2.5 g/cm®): top row (left-to-
right): d = 100 nm, 500 nm, 1 um; middle row (left-to-right): 5 um,
: 10 pm, 12.5 um; bottom row (left-to-right): 15 um, 20 pm, 30 um.

«««««« = i == When particle diameter is less than 1 um, particles tend to remain
' : 7 close to the vanes and are carried along by the flow near the vanes.
Most of the particles remains trapped in the peripheral region and can-

not escape. Only particles that are closest to the exit can escape.

When the particle diameter is larger than 10 um but less than 20 pm,
the particles first move with the vane and then fall from the vane into
the central region of the cylindrical drum. The axial flow down the cen-
ter of the drum convects these particles to the exit. Thus, this size of par-

[= I ticles exhibits a high capture efficiency.
1 2 When the particle diameter increases to 30 um, the gravitational
Velocity in ReferenceFrame for Rotation (m/s) force dominates, and the particles tend to fall directly onto the next

Y.
Xz Gy GHed e @hRE GiED G vane. The transport of the particles, carried up by one vane and then fall-
- . ing onto the next vane, traps the particles between two vanes. As a re-
sult, these larger particles do not escape out of drum.

At the end of this article, links are provided to videos of these simu-

Fig. 5. Tangential air flow at x = 222 mm (3 mm grid). lations, which illustrate these processes for representative particles of
diameter d = 1 pm, 12.5 pm, 30 pm.

In a final simulation, (results not shown), the 30 pm particles were
aerodynamics of the drum biases the instrument to measuring only par-  artificially released from the top of the drum, and these particles were
ticles with d < 24 um; similarly, the aerodynamics enhances the sensi- allowed to ‘fall’ into the central axial flow. In this case, a small fraction
tivity of the instrument for the range 8 um < d < 24 ym. located in the downstream zone, is convected out, but most of the par-

It is significant that the simulations predict that the rotating drum ticles do not become airborne and remain trapped within the drum by
architecture is very efficient in capturing aerosolized dust; simulated ~ the above vane-trapping mechanism.
dustiness = capture efficiency ~10~" for particles d < 24 um. However,
experimentally, dustiness ~103-10"* (see, for example, our results in 4.2.3. Particle distribution
Section 5). This suggests that, in a typical dustiness experiment, most of In order to quantify the particle migration, we have constructed spa-
the loaded powder consists of large agglomerates and aggregates which tial histograms of the number of particles as a function of time. For the

67
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"

Fig. 7. Particle tracks a) axial view; b) side view; c) isometric view for successive particle sizes (spherical silica particles, density p = 2.5 g/cm?®): top row (left-to-right): d = 100 nm, 500
nm, 1 um; middle row (left-to-right): 5 um, 10 um, 12.5 pm; bottom row (left-to-right): 15 um, 20 um, 30 pm.
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Fig. 8. Time development of horizontal particle density for several different particle sizes: a) d = 1 un; b) d = 12.5 um; ¢) d = 30 pm.
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Fig. 9. Time development of vertical particle density for several different particle sizes: a) d = 1 um; b) d = 12.5 um; ¢) d = 30 pm.
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Fig. 10. Rotating drum particle capture efficiency from each zone, by particle size. (Total is
the average over all 5 zones).

horizontal histograms, the drum is divided into 5 equal zones spanning
the length of the barrel of the drum (i.e. the length of the vanes); there is
one additional zone upstream and one downstream of the barrel, where
the drum is tapered to the inlet and outlet. For the vertical histograms,
the drum is divided into 13 equal slices. (Note: the central axis of the
drum is y = 0; the bottom of the drum is y = —0.15 m; the top of the
drum is y = +0.15 m). Particle number in each region is monitored
every 5 s. Shown in the graphs are these histograms (Fig. 8 horizontal
and Fig. 9 vertical) for three representative particle sizes: d = 1 um, d
= 12.5 pm; d = 30 pm. The histograms are normalized by the total
number of particles remaining in the drum.
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Fig. 12. Relative collection efficiency (zonal collection efficiency/ zonal average collection
efficiency) by zone for each of the collected fractions.

a) Horizontal distribution of particles

The particles are initially distributed uniformly along the bottom of
the drum.
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Fig. 11. Zonal collection efficiencies in the Rotating Drum for Sphericel® glass beads: a) 20 ppi foam; b) 80 ppi foam; c) filter; d) total (i.e. inhalable). RH on right side-panel.
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Fig. 13. Relative collection efficiency (zonal collection efficiency ratioed against the
average collection efficiency over all zones) by zone, for the 5 pm ‘hollow’ glass sphere
simulation.

Ford = 1 um, there is an initial (t = 5 s) drift downstream; then (t =
155,30 s) a depletion in the center of the drum with migration towards
the ends, and finally (¢t = 60 s) a fairly uniform distribution with an ac-
cumulation at the upstream end. The migration downstream is due to
the central axial flow; the accumulation upstream is due to the backflow
near the drum wall. Recall that, for this particle size, 30% of the particles
have left the drum (i.e. are captured on the filter).

For d = 12.5 um, there is a general drift downstream. This is initially
gradual, but by t = 45 s, all zones except the last (nearest to the exit)
have been depleted of all particles. Recall that, for this particle size,
the capture efficiency is high, so this is the distribution of the very few
particles that remain in the drum at the end of the experiment.

For d = 30 um, there is a gradual drift downstream, culminating (t =
45 s) in an excess in the last zone, but without the pronounced deple-
tion of particles from the other zones. Recall, that for this particle size,
the capture efficiency is low, so that this distribution represents the spa-
tial rearrangement with time of all the particles (since they all remain in
the drum).

b) Vertical distribution of particles

Initially, all the particles are located at the bottom of the drum (y =
—0.15 m). As the drum rotates, the vanes transport the particles up past
the height of the drum axis (y = 0), to some higher height where the
powder avalanches down. For reference, t = 15 s represents one com-
plete revolution of the drum.

For d = 1 pm, the particles are initially (t = 5 s) clustered at two
heights (y = 0.06 m and y = —0.075 m), but, as the test progresses,
the particles become more evenly distributed vertically.

For d = 12.5 pym, the particles are initially (t = 5 s) clustered at two
heights (y = 0.08 m and y = — 0.02 m), but, as the test progresses,
these shift to the center (y = 0) and bottom (y = —0.125 m).

For d = 30 um, the particles are initially (t = 5 s) clustered at two
heights (y = 0.06 m, y = —0.075 m). and, as the test progresses,
these shift slightly (y = 0.025 m,y = —0.05 m).

For the larger particles, the dust cloud is never spatially uniform.

4.2.4. Particle capture by zone
Given the richness of the spatial motion of the particles during the
rotating drum test, we also examined the particle capture efficiency
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based on initial loading. While the standard specifies that the initial
loading of the drum be uniform along the bottom of the drum, we
wanted to determine whether the captured particles preferentially de-
rive from certain initial locations.

In this set of simulations, captured particles were correlated with
their initial position in the drum at the start of the experiment. This per-
mitted a computation of capture efficiency of particles that had been ini-
tially loaded in each of the 5 zones.

Fig. 10 displays the capture efficiency for each zone as a function of
particle size. For particle sizes in the range 8 pm < d < 12.5 um, all par-
ticles, no matter their initial loading location, are captured. For smaller
particles, d < 8 pm, the downstream zones (4, 5) have significantly
higher capture efficiencies than do the upstream zones (1,2,3); thus,
the particles that end up on the filter are dominated by particles that
were loaded on the downstream portion of the drum. For larger parti-
cles, d > 12.5 um, the furthest downstream zone (5) has the highest cap-
ture efficiency; for the largest particles, d > 20 pm, the captured
particles are predominantly those that were loaded in this last zone.

5. Experimental results and discussion

The drum was zone loaded by zone with Sphericel hollow glass
spheres (as described in Section 3.2). Weight gains on each of the 20
ppi and 80 ppi foams and on the final glass fiber filter were measured.
Dustiness is computed as the ratio of weight gain to the mass of the ini-
tially loaded powder. Fig. 11 display these dustiness values for measure-
ments made on 5 different days with varying humidity (RH = 66.6% on
17 May 2019; RH = 44.3% on 20 May 2019 morning; RH = 41.2% on 20
May 2019 afternoon; RH = 58.3% on 22 May 2019 morning; RH =
63.5% on 22 May 2019 afternoon). The total (i,e. inhalable) dustiness
is the ratio of the total mass collected on all outlets of the drum, normal-
ized by the mass of the initially loaded powder.

There is a general trend of a higher collection efficiency from the
downstream zones. However, the large inter-day variation (presumably
due to the large humidity variation) obscures this trend. If the data is
presented as relative collection efficiency (namely, the ratio of zonal
collection efficiency to the average collection efficiency, averaged over
all zones for that day), then the trend becomes more obvious (Fig. 12).
In particular, there is ~20% enhancement in the collection from the
last zone relative to the zonal average.

In order to compare with our simulation work, we have performed a
numerical CFD simulation (similar to those described in Section 4.2),
where we have introduced 5 pm *hollow’ glass particles (p = 1000 kg/m®)
into the drum. We again measure zonal collection efficiency and com-
pute a relative zonal collection efficiency, by taking the ratio with the
average over all zones. The results are shown in Fig. 13.

The simulation reproduces the trend of lower collection efficiency
from the upstream zones (1,2) and highest collection efficiency from
the downstream zone (5). However, the simulation overpredicts the ex-
perimental variation: relatively little contribution from the upstream
zones (1,2), with a 50% enhancement in zone 4 and a 160 % enhance-
ment in zone 5.

6. Conclusions

Computational Fluid Dynamics (CFD) simulations of air flow and
particle motion were carried out for the Rotating Drum dustiness test
apparatus (EN15051-2 European Standard). The formation and
breakup of agglomerates of smaller size particles were not incorporated
in this model; similarly, particle adherence to the drum walls was also
neglected. Based on observations in measuring the dustiness of many
powders, we believe that the dustiness of certain classes of powders
may be correlated with the powder drum wall adhesion, with low dust-
iness materials exhibiting high drum wall adhesion and high dustiness
materials exhibiting low drum wall adhesion. It is recommended that
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these neglected processes (agglomeration, break-up, drum-wall adhe-
sion) be incorporated in future modeling of the rotating drum.

A major finding of the simulations is that the drum is very sensitive
to particle size. Particles larger than d ~ 24 um do not escape the drum,
and hence do not contribute to the measured dustiness. Particles in the
range 10 um < d < 15 um are efficiently captured at the outlet, and these
particles can be expected to dominate the measured dustiness.

The CFD model overpredicts typical experimental dustiness mea-
surements. Experimental powders invariably consist of agglomerates;
these larger structures are not aerosolized and are not captured at the
outlet—hence, they do not contribute to the measured dustiness.
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